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DESCRIPTION 

MEASURING DEVICE FOR IMPEDANCE SPECTROSCOPY AND ASSOCIATED 
MEASURING METHOD 

The invention relates to a measuring device for impedance 
spectroscopy of particles which are suspended in a carrier 
liquid, according to the precharacterising part of claim 1, 
as well as to a corresponding measuring method according to 
the pre- characterising part of claim 39. 

Impedance spectroscopy is for example known from COSTER et 
al . : "Impedance Spectroscopy of Interfaces, Membranes and 
Ultras tructures" ( Bioelectro- chemistry and Bioenergetics 
40: 79-98) . 

The known impedance spectroscopy is however associated with 
the disadvantage in that it is not suited to the investi- 
gation of single or small numbers of suspended cells or 
particles . 

It is thus the object of the present invention to create a 
measuring device and a corresponding measuring method to 
make possible impedance spectroscopy of suspended cells or 
particle s . 

Starting with a known measuring device for impedance spec- 
troscopy, this objective is met, according to the precha- 
racterising part of claim 1, by the characterising features 
of claim 1 and - in relation to a corresponding measuring 
method - by the characteristics of claim 39. 

The invention is based on the recognition that the reason 
why known impedance spectroscopy methods and devices are 
unsuitable for investigating single or small numbers of 



WO 2005/098395 



2 



PCT/EP2005/003677 



suspended cells or particles is because these known methods 
or devices require the cells which are to be investigated 
to be mechanically fixed (e.g. by way of negative pressure 
or surface f unctionalisation) . 

The invention therefore includes the general technical 
teaching that the suspended particles (e.g. cells) to be 
investigated within the scope of impedance spectroscopy be 
spatially fixed in order to make it possible to investigate 
suspended cells or particles , wherein such fixing,, in con- 
trast to the known methods or devices mentioned in the in- 
troduction, does not take place mechanically. 

The term "particle" used in the context of the invention ±s 
used in a general sense; it is not limited to individual 
biological cells. Instead, this term also includes gene- 
rally synthetic or biological particles. Particular advan- 
tages result if the particles include biological materials, 
i.e. for example biological cells, cell groups, cell compo- 
nents or biologically relevant macromolecules , if appli- 
cable in combination with other biological particles or 
synthetic carrier particles. Synthetic particles can in- 
clude solid particles, liquid particles or multiphase par- 
ticles which are delimited from the suspension medium, 
which particles constitute a separate phase in relation to 
the suspension medium, i.e. the carrier liquid. 

Furthermore, as far as the investigation of particles is 
concerned, the invention is not limited to impedance spec- 
troscopy as mentioned in the introduction, but can also be 
implemented using other methods of investigation that sub- 
ject particles to elect r Jl ca 1 characterisation . 

During investigation, spatial fixing of the particles to be 
investigated preferably takes place by way of a trapping 
element, preferably by a switchable trapping element, whioh 
exposes the particles to be investigated to a force field r 
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thus fixing said particles. The field cage is preferably a 
dielectrophoretic field cage whiich comprises several cage 
electrodes. The design and function of such a dielectro- 
phoretic field cage is known per se; it has for example 
been described in MULLER, T. et al • : "A 3 -D-Micro elect rode 
system for handling and caging single cells and particles", 
Biosensors and Bioelectronics 1.4 (1999), 247-256. The full 
extent of the contents of said publication is to be taken 
into account in the context of the present description so 
that there is no need to provicie in this document a de- 
tailed description of the design and function of the 
dielectrophoretic field cage. 

In a variant of the invention, the field cage comprises 
several cage electrodes, whered_n at least one of the cage 
electrodes is also a measuring electrode for electrical 
measuring of particles. This pxrovides an advantage in that 
no additional measuring electrodes are required since the 
existing cage electrodes of the field cage in addition 
assume the function of measuring electrodes. 

For example, the field cage can comprise eight cage elec- 
trodes, of which four can be used as measuring electrodes. 
In this arrangement, the eight cage electrodes are pre- 
ferably arranged at the corner points of a right parallel 
epiped. Preferably the cage electrodes which are arranged 
at the corner points of the bottom base area of the right 
parallel epiped are used as measuring electrodes. During 
the measuring process, the particle to be investigated can 
then be moved downward in the carrier current, into an area 
near the edge, where it can be investigated. 

As an alternative, it is however also possible for the 
field cage to comprise only fiv^e cage electrodes which are 
arranged at the corner points of a pyramid, wherein the 
cage electrodes which are arranged at the corner points of 
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the base area of the pyramid are preferabl_y used as 
measuring electrodes . 

Furthermore , it is also possible for the field cage to 
comprise only four cage electrodes , which are preferably 
arranged in a plane. Such an arrangement ±.s for example 
known from FUHR, G. et al. : "Levitation, holding and rota- 
tion of cells within traps made by high— f rrequency fields" , 
Biochim. Biophys Act. 1108, so that the full extent of the 
contents of said printed publication is to be taken into 
account in the context of the present description . In this 
arrangement, the cage electrodes are preferably arranged at 
the corner points of a rectangle. In this arrangement, the 
particle to be investigated is preferably drawn into the 

field cage by means of positive dielectrophoresis , if need 

* 

be centred by means of negative dielectrophoresis and if 
applicable is then measured. 

As an alternative, the particle can be fixed at the bottom 
and centrally between the electrodes by way of negative di- 
electrophoresis and sedimentation. 

In this context it should be. mentioned that if only posi- 
tive dielectrophoresis is used, the particle might cling to 
at least one electrode. However, this is not critical if 
the distance between electrodes is adequate. 

Furthermore, the field cage can also comprrise two annular 
electrodes for trapping particles. Such an arrangement is 
for example known from SCHNELLE, Th. et al. : "Trapping of 
viruses in high frequency electric field cages", Naturwiss. 
83, 172-176 (1996) , so that the full extent of the contents 
of said printed publication is to be taken into account in 
the context of the present description. Whien compared to a 
field cage comprising eight cage electrodes, in this 
arrangement the group of the upper four cage electrodes and 
the group of the lower four cage electrodes have been 
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replaced by an annular electrode for eachL group. Impedance 
measurement then takes place by four sepa rate measuring 
electrodes which are used for supplying current and/or for 
voltage measuring . 

The term "field cage" used within the context of this 
invention is thus used in a general sense , rather than 
being limited to known arrangements, whicli are for example 
described in the above-mentioned publication by MULLER, T. 
et al . : "A 3 -D-Micro elect rode system for handling and 
caging single cells and particles". Instead, in the sense 
of the present invention, the term "field cage" comprises 
all electrode arrangements which are suit able for fixing 
suspended particles in a carrier current. 

* « 

Further, the term "trapping element" used in this descrip- 
tion is not restricted to the aforementioned field cage. 
Further, the term "trapping element" encompasses laser 
traps, trapping with magnetic forces and other types of 
trapping elements . 

In impedance spectroscopy, preferably an alternating 
current (AC) is supplied at a specified s ettable frequency, 
wherein the resulting voltage developed between the voltage 
electrodes is measured to characterise the particle to be 
measured . 

It should be mentioned that cage electrodes are preferably 
selected using an electrical trapping signal for fixing the 
particles, while in contrast to this, an electrical measu- 
ring signal is applied to the measuring electrodes, wherein 
the frequency of the trapping signal preferably differs 
from that of the measuring signal. In this arrangement, the 
frequency of the trapping signal can be s elected to be 
above or below the frequency of the measuring signal. The 
measuring signal can for example be a curxent which is 
impressed in the region of the fixed part icles f wherein 
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additionally the current is measured which flows trans- 
versely or parallel to the impressed current. In practical 
application, it is envisaged that the voltage is measur ed 
such that the current path and the line between the vol tage 
electrodes subtend an angle in relation to each other, 
preferably at an acute angle in relation to each other. 

In contrast to the above, in another variant of the inven- 
tion, the cage electrodes do not additionally function as 
measuring electrodes, so that in addition to the cage e lec- 
trodes, separate measuring electrodes are provided, whe rein 
the measuring electrodes are galvanically separated from 
the cage electrodes and can be selected independently o f 
the cage electrodes . 

In this arrangement, the cage electrodes can be selecte d in 
pairs in phase opposition, wherein the measuring electrodes 
are preferably arranged in a plane which is arranged mi d- 
way between two cage electrodes which are selected in phase 
opposition. Such an arrangement of the measuring electrodes 
provides an advantage in that selection of the cage ele c- 
trodes does not falsify the measuring results. This is 
because the signals of the adjacent cage electrodes, wh_ich 
are selected in phase opposition, cancel each other out in 
the location of the measuring electrodes which are arranged 
in between. 

In order to avoid interfering electrical inductive distur- 
bances from the cage electrodes to the measuring elec- 
trodes, it is however not mandatory for the measuring 
electrodes to be arranged precisely mid-way between the 
cage electrodes which are selected in phase opposition, so 
that the signals of the cage electrodes cancel each oth_er 
out at the location of the measuring electrodes. Instea_d, 
it is preferred if the measuring electrodes are arranged 
such in relation to the cage electrodes that selecting the 
cage electrodes equally affects the electrical potentia_l of 
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the measuring electrodes , so that, irrespective of the 
selection of the cage electrodes, the two measuring elec- 
trodes are always on the same potential of the trapping 
field. In this way, voltage measuring between the measuring 
electrodes is then not influenced by the field generated b y 
the field cage. 

In this arrangement, the measuring electrodes are pre- 
ferably arranged in a measuring plane, wherein the measu- 
ring plane of the measuring electrodes can for example be 
aligned essentially at a right angle in relation to the 
direction of the flow of the carrier liquid. However, as an 
alternative, it is also possible for the measuring plane o f 
the measuring electrodes to be aligned essentially paralle 1 
in relation to the direction of flow of the carrier liquid . 
However, in relation to the alignment of the measuring 
plane of the measuring electrodes, the invention is not 
limited to the two options described above, but instead can 
also be implemented using other alignments of the measuring 
plane . 

In a further preferred embodiment the measuring electrodes 
are positioned in the trapping field in such a way, that 
subgroups of the measuring electrodes are positioned on th. e 
same potential of the trapping field. 

Preferably, the measuring device according to the invention 
also comprises a control circuit for electrically selecting 
the cage electrodes so as to fix, in the field cage, the 
particles to be investigated. The function of the fixing o f 
particles in a dielectrophoretic field cage is for example 
described in SCHNELLE et al.: "Trapping in AC octode field 
cages" (Journal of Electrostatics 50: 17-29). The full 
extent of the contents of said publication is thus to be 
taken into account in the context of the present descrip- 
tion so that for the purpose of avoiding repetition there 
is no need to provide in this document a detailed 
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description of the function of dielectrophoretic fixing of 
particles . 

Moreover, the measuring device according to the invention 
preferably also comprises a measuring circuit which is 
connected to the measuring electrodes- In relation to the 
design and function of such a measuring circuit , reference 
is made to the already mentioned publication by COSTER et 
al . 

Preferably, the connection of the cage electrodes with the 
control circuit and the measuring circuit is by way of a 
controllable switchboard section which alternately connects 
the cage electrodes to the measuring circuit or to the 
control circuit, as desired. 

Such an intermediate circuit of a controllable switchboard 
section is useful in particular where the cage electrodes 
also function as measuring electrodes. 

Moreover, a controllable switchboard between the cage elec- 
trodes and the measuring circuit also makes it possible to 
carry out measuring at various sets of cage electrodes. For 
example, in impedance spectroscopy, the current used for 
measuring can be impressed on various cage electrodes by 
means of the switchboard section. 

Such a switchboard section also makes it possible to 
separate the low-impedance control circuit from the field 
cage during measuring, so as to obtain high-impedance 
measuring positions. 

Furthermore it may be preferred to use a measurement signal 
containing multiple frequency components. Using different 
subsets of electrodes frequency components may be localised 
separately. Especially in view of particles with non-linear 
electrical characteristics interaction between different 
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frequency components may be utilised. In this case the 
voltage measurement may be based on frequency components 
generated by convolution in the frequency domain. In par- 
ticular in combination with localisation of frequency com- 
ponents this may achieve an improvement of signal to noise 
ratio . 

In view of computational noise reduction it could be pre- 
ferred to use measurement currents with fluctuating loca- 
lisation , 

Further, the carrier liquid is preferably flowing within a 
channel having multi-layer walls. The walls of the channel 
preferably comprise an electrically insulating inner layer 
and an outer layer, which may consist of a glass slide. In 
a preferred embodiment the measuring electrodes are retrac- 
ted between the outer layer and the inner layer of the 
channel wall. In this embodiment the inner layer comprises 
an opening at the place of measurement to enable current 
injection into the carrier liquid flowing within the 
channel. Therefore, only the edges of the measuring elec- 
trodes are exposed to the carrier liquid. 

The opening in the inner layer of the channel wall is 
preferably circular, whereas the current injecting elec- 
trode is preferably semi-circular having the same diameter 
as the opening in the inner layer of the channel wall. 

Therefore, the exposed ends of the measuring electrode 
preferably have the circular geometry of the opening in the 
inner layer and therefore the direction of current flow is 
directed towards the center of the opening where the tips 
of the voltage electrodes can be located to maximize the 
response to the current. Thereafter the direction of flow 
will become increasing directed normal to the glass slide 
towards the trapped particle. 



WO 2005/098395 



10 



PCT/EP2005/003677 



In this embodiment, laser tweezers can be used for 
positioning of cells between EIS electrodes. Further, the 
electrode tips can be made of a transparent material (e.g. 
ITO) . 

The afore-mentioned embodiment of the invention has the 
following advantages : 

Minimization of the surface area of the measuring (EIS) 
electrodes that, like the dielectrophoretic electrodes, 
protrude into the cage - this was required to minimize 
contributions of the medium to impedance (capacitance) 
measurements 

Location of the measuring (EIS) electrodes for injec- 
ting current as close as possible to cells/beads - this 
was required to maximize the proportion of the total 
current that flows through cells or beads 

Location of the measuring (EIS) electrodes for measu- 
ring the voltage response to where that response will 
be a maximum - this was required to maximize the 
contribution of cells or beads to the voltage response 
to the injected current. 

In another embodiment of the invention the current in- 
jecting electrode is split into 'several (e.g. three) 
sections that can be electrically connected on a printed 
circuit board to which the top and bottom slides are even- 
tually attached. Thus splitting the EIS electrodes does not 
compromise significantly the total surface area. But it 
readily accommodates the eight electrodes required for 
dielectrophoresis . This design has the following 
advantages : 

Current injecting electrodes no longer need to protrude 
into the insulating layer openings, and will not 
impinge on space where the voltage-sensing electrodes 
and dielectrophoretic electrodes predominate 
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Voltage-sensing electrodes can be positioned to 
maximize the response of the particles to the injected 
current 

The current regimes for dielectropheresis and EIS are 
.further separated in space potentially enhancing the 
accuracy of simultaneous EIS characterizations and 
dielectrophoresis . 

Furthermore , it must be mentioned that the invention is not 
limited to the above-described measuring device according 
to the invention, but also comprises a microf luidic system 
with such a measuring device, as well as a cell sorter with 
such a microfluidic system. 

Moreover, the invention also comprises a corresponding 
method; a point which has already become evident from the 
above description . 

Preferably, within the context of the measuring method 
according to the invention, apart from the actual measuring 
of the particles which are to be investigated, reference 
measuring also takes place, which can for example be 
carried out with the field cage empty, wherein the result 
of reference measuring is subsequently compared or 
correlated to the result of the actual electrical measuring 
of the particles to be investigated. In this way, that 
signal fraction can advantageously be filtered out, which 
signal fraction as an effective signal reflects the elec- 
trical characteristics of the particles to be investigated, 
while the disturbance fraction which is caused by the 
measuring arrangement and in particular by the carrier 
current is filtered out. 

Other advantageous improvements of the invention are 
characterised in the subordinate claims or result from the 
following description of the preferred embodiments of the 
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invention in conjunction with the drawings. The following 
are shown: 



Figure la 



a simplified perspective view of a carrier- 
current channel comprising a dielectro- 
phoretic field cage arranged therein; 



Figure lb 



a diagrammatic view showing the geometric 
arrangement of the cage electrodes with the 
field cage shown in Figure la; 



Figure 2a 



a simplified perspective view of a carrier 
current with an alternative embodiment of a 
dielectrophoretic field cage with additional 
measuring electrodes; 



Figure 2b 



a diagrammatic view showing the geometric 
arrangement of the cage electrodes and of 
the measuring electrodes in the embodiment 
according to Figure 2a; 



Figure 2c-2e 



diagrammatic views of cage electrodes in 
other embodiments of the invention; 



Figure 3a 



an embodiment of a measuring device accor 
ding to the invention with the field cage 
according to figures la and lb; 



Figure 3b 



an alternative embodiment of a measuring 
device according to the invention for the 
field cage in Figures 2a and 2b; 



Figure 4a 



a simplified perspective view of a carrier 
current channel comprising a dielectro- 
phoretic field cage with five cage 
electrodes ; 
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Figure 4b> 



a diagrammatic representation showing the 
geometric arrangement of the cage electrodes 
in the embodiment according to Figure 4a; 



Figure 5 



a diagrammatic representation of a field 
cage comprising four separate measuring 
electrodes ; 



Figures 6a, 6b an electrode arrangement comprising four 

cage electrodes or measuring electrodes; 

Figures 7a, 7b another electrode arrangement according ot 

the invention; 

Figures 7c, 7d examples of impedance spectra of an empty. 

cage according to Figures 7a nd 7b; 

Figures 8a-8f examples of impedance spectra of cells; 

Figure 9a.-9c different views of another embodiment of a 

measurement device with a semi-circular 
current injecting electrode; 

Figure lOa-lOc different views of another embodiment of a 



Figur 11a, lib different views of another embodiment of a 

measurement device comprising a laser 
tweezer for the positioning of particles. 



measurement device in which the current 



injecting electrode is splitted into three 



sections ; 



The perspective view in Figure la shows a section of a 
carrier-current channel 1 in which a carrier current with 
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particles suspended therein flows in the direction Y. In 
this arrangement r the carrier-current channel 1 forms part 
of a microf luidic system which can for example be used in a 
cell sorter. The design and function of the microf luidic 
system and the cell sorter are otherwise conventional and 
are thus not described in further detail. 

Arranged in the carrier-current channel 1 is a dielectro- 
phoretic field cage comprising eight cage electrodes 2.1- 
2.8, wherein the tips of the cage electrodes 2.1-2.8 are 
positioned at the corner points of a right parallel epiped 
of uniform edge length. The dielectrophoretic field cage 
makes it possible to fix particles which are suspended in 
the carrier current , wherein the function of the dielectro- 
phoretic field cage is for example described in the above- 
mentioned publications by MULLER, T. et al . : "A 3D Micro- 
electrode system for handling and caging single cells and 
particles", and SCHNELLE et al . : "Trapping in AC octode 
field cages", so that there is no need to provide a detai- 
led description of the function of a dielectrophoretic 
field cage in th_is document. 

Figure lb particularly clearly shows the geometric 
arrangement of the individual cage electrodes 2.1-2.8, 
wherein the dielectrophoretic field cage fixes a particle 3 
in its centre. Apart from showing the individual cage 
electrodes 2.1-2.8, the phase position is shown with which 
the individual cage electrodes 2.1-2.8 are selected. 

In this arrangement, supplying the current, and voltage 
measuring preferably take place diagonally through the 
field cage. The current path and/or the voltage difference 
path for impedance spectroscopy measuring thus preferably 
extend/extends (diagonally through the field cage. 

Below, the design and function of the measuring device 
according to the invention are described with reference to 
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the simplified block diagram, wherein the measuring device 
comprises a dielectrophoretic field cage 4 as described 
above with reference to Figures la and lb. 

By way of a controllable switchboard section 5, the cage 
electrodes 2.1-2.8 of the field cage 4 are connected to a 
control circuit 6 which can be of a conventional design and 
which selects the cage electrodes 2.1-2.8 such that the 
particle 3 is trapped in the field cage 4 and spatially 
fixed. In this arrangement the control circuit 6 in turn is 
selected by a computer 7, for example so as to trap only 
certain particles 3 in the field cage 4 . 

Furthermore, if it is selected correspondingly by the 
computer 7, the controllable switchboard section 5 also 
makes it possible for the cage electrodes 2.1-2.8 to be 
connected to a measuring circuit 8 for impedance spectros- 
copy investigation of the particle 3 trapped in the field 
cage 4. The measuring circuit 8 can largely be of conven- 
tional design so that, to a large extent reference is made 
to the above-mentioned publication by COSTER et al . : "Impe- 
dance Spectroscopy of Interfaces , Membranes and Ultra- 
structures" . 

On the input side, the measuring circuit 8 is connected to 
a signal generator 9 whiich again is selected by the compu- 
ter 7 and which provides the measuring circuit 8 with a 
voltage signal U, whose frequency can be set to between 
10"" 3 Hz and 1 GHz and whose amplitude ranges from 0-2 volt. 
However, the frequency spectrum actually scanned in impe- 
dance spectroscopy depends on the size, structure and 
electro- and/or bio-chemical properties of the particles to 
be investigated, as we 1-1 as on the conductance, dielectric 
and electro-chemical properties of the suspending fluid. 
For example, the useful, frequency range for impedance 
spectroscopy of cell membranes in physiologically relevant 
fluids ranges from 0.0O1 Hz to 100 kHz, whereas for the 
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purpose of measuring the anterior of cells , frequencies in 
the megahertz range are also used. 

The computer 7 selects the switchboard section 5 such that 
alternately the control circuit 6 or the measuring circuit 
8 is connected to the field cage 4 in order to fix the par- 
ticle 3 in said field cage 4 and in the meantime carry out 
an impedance- spectroscopy^ investigation of the particle 3 
in its fixed state. 

For the purpose of an impedance spectroscopy investigation, 
the switchboard section 5 connects the cage electrodes 2.3 
and 2.5 as well as 2.2 and 2.8 to the measuring circuit 8. 

Corresponding to the voltage signal U provided by the 
signal generator 9, the measuring circuit 8 impresses a 
corresponding current onto the cage electrode 2.3; in this 
way the current circuit is closed by way of the opposite 
cage electrode 2.5. At the cage electrodes 2.2 and 2.8, the 
measuring circuit 8 then measures the voltage at the 
respective frequency of the voltage signal provided by the 
signal generator 9, and conveys the voltage value to a data 
acquisition circuit 10 wh.ich conveys the measured voltage 
to the computer 7 . 

Furthermore, the measuring circuit 8 also measures the 
current which flows by way of the cage electrodes 2.3 and 
2.5, and outputs this current to a data acquisition circuit 
11 which on the output side is also connected to the 
computer 7 . 

With a corresponding variation in the frequency of the 
signal generator 9, the computer 7 can then carry out impe- 
dance spectroscopy measuring from the measured current 
values and voltage values . 
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In this arrangement the cage electrodes 2.3, 2.5, 2.2, 2.8 
are thus used quasi-bi-f unctionally as measuring elec- 
trodes, so that there is no need for additional measuring 
electrodes for carrying out impedance spectroscopy 
measuring . 

Furthermore, it is advantageous if the switchboard section 
5 can connect the measuring circuit 8 also to other cage 
electrodes as measuring electrodes in order to obtain 
additional information . 

The embodiment of a carrier-current channel, shown in 
Figures 2a and 2b, with a dielect rophoretic field cage 
located therein, largely agrees with the embodiment shown 
in Figures la and lb, so that in order to avoid repetition 
reference is made to the above description, with the same 
reference characters being used for corresponding 
components . 

However, this embodiment comprises a special feature in 
that impedance spectroscopy investigation does not take 
place by means of the cage electrodes 2.1-2.8. Instead, 
this arrangement provides for four separate measuring 
electrodes 12.1-12.4 for impedance spectroscopy investi- 
gation. 

In this arrangement, the measuring electrodes 12.1-12.4 are 
positioned in a plane and are arranged mid-way between two 
adjacent cage electrodes. This is advantageous because the 
adjacent cage electrodes 2.1-2.8 are selected in pairs in 
phase opposition. Thus, in this arrangement the cage elec- 
trodes 2.1, 2.5, 2.3 and 2.7 on the one hand, and the cage 
electrodes 2.2, 2.6, 2.4, and 2.8 on the other hand are 
selected in phase opposition. This is advantageous because 
the electrical signals, present at the cage electrodes 2.1- 
2.8, for trapping the particle 3 in the field cage 4 in 
this way mutually cancel each other out at the location of 
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the measuring electrodes 12.1-12.4 so that no electrical 
disturbances occur between the cage electrodes 2.1-2.8 and 
the measuring electrodes 12.1-12.4. 

Furtherrinore , it should be mentioned that the measuring 
electrodes 12.1-12.4 are arranged in a measuring plane 
which i_ s aligned at a right angle in relation to the di- 
rection, of flow in the carrier-current channel 1. However, 
as an alternative^ it is possible for the measuring elec- 
trodes 12.1-12.4 to be arranged in a measuring plane which 
is aligned in some other way. 

Figure 2c largely agrees with the embodiment shown in 
Figures 2b, so that in order to avoid repetition reference 
is made to the above description, with the same reference 
characters being used for corresponding components. How- 
ever, this embodiment comprises special rotational exci- 
tation of the cage electrodes 2.1-2.8 (see also MULLER et 
al . ) . A_s in Figure 2b no electrical disturbances occur 
between, the cage electrodes 2.1-2.8 and "the impedance 
measuring electrodes 12.1-12.4. Due to rotational exci- 
tation of the electrodes and depending on frequency of 
trappirxg field, the particle 3 can be rotated along the y 
axis thLiis enabling impedance tomography. In a further 
preferred embodiment the cage excitation is switched to ac 
shown i_n figure 2b during impedance measurements. Repeating 
this procedure enables impedance measurements of the cell 
at rest and at defined angles. 

Figure 2d largely agrees with the embodiment shown in 
Figures 2c, so that in order to avoid repetition reference 
is made to the above description, with the same reference 
characters being used for corresponding components . How- 
ever, this embodiment comprises rotational excitation of 
the cage electrodes 2.1-2.8 (see also MULLER et al.) that 
can induce particle rotation around the z-axis for 
impedance tomography. In this case electrical disturbances 
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occar between the cage electrodes 2.1-2.8 and the measuring 
electrodes 12.1-12.4. Impedance measurements aire still 
possible because the trapping field does not create voltage 
differences between the voltage measuring electrodes 12.1 
and 12.3 used for impedance measurements and tine impedance 
current injecting electrodes 12.2 and 12.4, respectively. 

Figuxre 2e largely agrees with the embodiment shown in 
Figiares 2d, so that in order to avoid repetition reference 
is made to the above description, with the same reference 
characters being used for corresponding components. In 
this embodiment no separate current injecting electrodes 
12.2 and 12.4 are present for impedance measurements. 
Instead the trapping electrodes 2.1-2.8 are additionally 
useci as current injectors for the impedance measurements. 
Ideally, i.e. without a particle 3 or with an ±deally 
spherical and centrally trapped particle no voltage 
difference between the voltage measuring electrodes would 
then be measured. An entering and or non ideal particle 
(such as a biological cell) will produce a voltage signal. 
It should be noted that this also works with the trapping 
fieJLd shown in Figures 2c-d. 

The embodiment, shown in Figure 3b, of a measuring device 
according to the invention largely agrees with the 
embodiment described above and shown in Figure 3a so that 
in order to avoid repetition, reference is made to a large 
extent to the above description, with the same reference 
characters being used for corresponding components. 

However, the measuring device according to Figure 3b is 
usecd for selecting the carrier-current channel with the 
field cage 4 situated therein as shown in Figuxes 2a and 
2b. 
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Because of the separation between the cage electrodes 2 . 1- 
2.8 and the measuring electrodes 12.1-12.4, the control 
circuit 6 can be permanently connected to the field cage 4. 

The controllable switchboard section 5 thus merely serves 
the purpose of selecting particular measuring electrodes 
12.1-12.4 for current supply or voltage measuring. 

Finally, Figures 4a and 4b show an alternative design of a 
carrier-current channel 1 with a field cage arranged there- 
in, wherein this embodiment, too, largely agrees with the 
embodiments described above and shown in Figures la, Lb, 2a 
and 2b. In order to avoid repetition, reference is thias 
made to a large extent to the above description, wherein, 

below, the same reference characters have been used for 

>■ 

corresponding components . 

This embodiment comprises a special feature in that th.e 
field cage 4 comprises only five cage electrodes 2.1-2.5, 
each of which is located on a corner point of a pyramid, as 
shown in particular in Figure 4b. 

However, the field cage according to Figure 4a also makes 
it possible to fix particles 3 in order to subject thein to 
an impedance spectroscopy investigation. 

In this arrangement the cage electrodes 2.1-2.4 are 
additionally used as measuring electrodes for impedance 
spectroscopy investigation so that there is no need to 
provide additional measuring electrodes. 

The embodiment of a fdLeld cage diagrammatically shown in 
Figure 5 largely agrees with that described above and shown 
in Figure 2b so that i_n order to avoid repetition, to a 
large extent reference is made to the above description in 
the context of Figure 2b, with the same reference charac- 
ters being used for corresponding components. 
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This embodiment comprises a special feature in that the 
measuring electrodes 12 . 1-12 . 4 are not arranged exactly 
mid-way between two adjacent cage electrodes. Instead, in 
this arrangement, the measuring electrodes 12.1-12.4 are 
merely arranged in a mutual measuring plane, which extends 
mid-way between the following cage electrodes, arranged in 
phase opposition: 2.3, 2.7, 2.2 and 2.6 on the one hand, 
and 2.1, 2.5, 2.4 anci 2.8 on the other hand. In this way, 
too, it is ensured ttiat there is no mutual electrical 
interference between the measuring electrodes 12.1-12.4 on 
the one hand, and the cage electrodes 2.1-2.8 on the other 
hand . 

Finally, the embodiment shown in Figures 6a and 6b largely 
agrees with the embocdiment described above and shown in 
Figures 4a and 4b so that in order to avoid repetition, to 
a large extent reference is made to the above description 
in the context of Figures 4a and 4b, with the same refe- 
rence characters being used for corresponding components. 

This embodiment comprises a special feature in that only 
four cage electrodes 2.1-2.4 have been provided, wherein 
the cage electrodes 2.1, 2.3 on the one hand and the cage 
electrodes 2.2, 2.4 on the other hand are selected in phase 
opposition, as shown in the phase positions on the drawing. 

By means of positive dielectrophoresis (pDEP) or electro- 
phoresis, the particle 3 to be investigated is then pre- 
ferably drawn to the centre of the cage electrodes 2.1-2.4 
and is then investigated as shown in Figure 6b using 
impedance spectroscopy. 

For the purpose of impedance measuring, the particle to be 
investigated can be centrally fixed between the electrodes 
by superposition of negative dielectrophoresis and sedimen- 
tation. As an alternative, the particle can be drawn into 
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the cage region by means of positive dielectrophoresis . 
Both methods can be applied in comb ination to the elec- 
trodes, with the use of various trapping frequencies and, 
if need be, various phase positions . 

An example of a dielectrophoretic c age in which electrodes 
were used to measure the impedance of an inositol medium 
over a frequency range 10 2 -10 5 Hz is shown in Figure 7a,. 
The measurements are expressed in t erms of admittance, the 
reciprocal of impedance. The real part of the admittance, 
that is, conductance is shown in Fi gure 7c (open square 
symbols) , and the imaginary part of the admittance divided 
by the angular frequency co, i.e. capacitance , in Figure 7c 
(open square symbols) . 

The area specific admittance of a medium of conductivity a, 
dielectric permittivity s, Debye length X and diffusion 
constant D, using parallel current— in j ecting electrodes 
13.1, 13.2 located at ±HL and small voltage sensing elec- 
trodes 14.1, 14.2 located at ±41, as shown in Figure 7b, 
are for example known from COSTER and CHILCOTT: "The 
characterization of membranes and iaembrane surfaces using 
impedance spectroscopy" (Surface ch_emistry and electro- 
chemistry of membranes 19: 749-793) . This admittance is 
given by (a/I+jcos/I) /(1+ / j W ) where 

5=( 2 /^)Sinh( /rI / 2 )/Cosh(^/ 2 ) , K 2 =lA 2 + jo)/D and j 2 =-l. Theo- 
retical dispersions of conductance and capacitance of 
inositol medium (a=15mS/m, s~7 5x8 . 8 54pF, X&9 . 4nm, 
I>^2xl0~ 9 m 2 / s ) in such a system are also shown in Figures 7c 
and 7d, respectively, for a system with L»20fxm, a similar 
spacing for current-injecting electrodes 13.1, 13.2 in the 
cage, and an electrode area of ^3x1 0" 8 m 2 . 

Figures 7c and 7d illustrate that the theoretical disper- 
sions at low frequencies are extremely sensitive to the 
spacing (1) of the voltage-sensing electrodes 14.1, 14.2. 
The sensitivity diminishes with increasing frequency 
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yielding constant conductive and capacitive properties of 
the medium at sufficiently high frequencies. The theo- 
retical dispersions for 1—L predict the general form and 
order-of -magnitude of dispersions measured using the cage 
electrodes 13-1, 13.2, 14. 1, 14.2 (open square symbols). 
The theoretical dispersions further show tiiat the geometri- 
cal condition 2<0.99i yields constant capaccitive and con- 
ductive properties in the frequency range (10 2 -10 5 Hz) . 

Figure 8a and Figure 8c show that the presence of trapped 
cells (see dispersions identified by filled square symbols) 
modulate the reference dispersions (open square symbols). 
The simple one-dimensional theory illustrates that opti- 
misation of the electrode configuration and geometry can 
optimise the contribution of cells, to measurements of the 
total impedance. 

Figures 8b shows the differences in conductance arising 
from the presence of trapped cells (cluster of 3 K5 62- 
cells) and Figure 8d shows the differences in capacitance. 
Figures 8e and 8f are, respectively, conductance and capa- 
citance differences for cells at a different stages of 
maturation. A comparison of these Figures -with Figures 8b 
and 8d, respectively, reveals common features: a positive 
capacitance difference over the frequency range (10 2 -10 5 
Hz), consistent with the presence of membrane structure; a 
conductance through mid-range, consistent with known low- 
conduction properties of cell membranes; and a pronounce 
increase in conductance with further incre ases in fre- 
quency, consistent with known decreases in. the impedance of 
the membrane (capacitance) with increasing - frequency 
revealing the high-conduction properties o f the cytoplasm 
of cells. The magnitude, spread and locati_ on of such fea- 
tures reflect differing structural, electjro- and/or bio- 
chemical properties of cells at different stages of 
maturation . 
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Figures 9a to 9c show different views of another embodiment 
of a measuring device according to the invention. Figure 9a 
is a top view, whereas Figure 9b is a sectional view along 
line B-B in Figure 9a. Further, Figure 9c is a sectional 
view along line C-C in Figur 9b. Finally, Figure 9a is a 
sectional view along line A-A in Figur 9b. 

These views show a fluid channel 15 containing a carrier 
liquid in which particles (e.g. biological cells) are sus- 
pended. The fluid channel 15 is confined by an upper wall 
16 and a lower wall 17. Both the upper wall 16 and the 
lower wall 17 of the fluid channel 15 comprise an electri- 
cally insulating inner layer 16.1, 17.1 and an outer layer 
16.2, 17.2 formed by a glass slide. A circular opening 18 
is formed in the inner layer 16.1 of the upper wall 16. 
Further, a current injecting electrode 19 is arranged bet- 
ween the outer layer 16.2 and the inner layer 16.1 of the 
upper wall 16. The current injecting electrode 19 is semi- 
circular, which can be seen in Figur 9a, having the same 
diameter as the opening 18 in the inner layer 16.1 of the 
upper wall 16. Therefore, only the edges of the current 
injecting electrode 19 are exposed to the carrier liquid 
flowing within the fluid channel 15. The exposed ends of 
the current injecting electrode 19 have the circular geo- 
metry of the opening 18 and therefore the direction of 
current flow is directed towards the center of the opening 
18 where the tips of the voltage electrodes can be located 
to maximize the response to the current. Thereafter the 
direction of flow will become increasing directed normal to 
the glass slide towards the trapped particle. Further, the 
measuring device comprises a voltage sensing* electrode 20 
for measuring the electrical potential caused by the 
injected current. 
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This design offers the following advantages: 

Minimization of the surface area of EIS electrodes 
that, like the dielectrophoretic electrodes, protrude 
into the cage - this was required to minimize contri — 
butions of the medium to impedance (capacitance) 
measurements . 

Location of EIS electrodes for injecting current as 
close as possible to cells/beads - this was required to 
maximize the proportion of the total current that flows 
through cells or beads. 

Location of EIS electrodes for measuring the voltage 
response to where that response will be a maximum — 
this was required to maximize the contribution of cells 
or beads to the voltage response to the injected 
current . 

Figures 10a to 10c show different views of another embodi- 
ment of a measuring device according to the invention. 
Figure 10a is a top view, whereas Figur 10b is a sectional 
view along line B-B in Figur 10a. Further, Figure 10c is a 
sectional view along line C-C in Figur 10b. Finally, Figure 
10a is a sectional view along line A-A in Figur 10b. 

The embodiment shown in Figures 10a to 10c is similar to 
the embodiment shown in Figures 9a to 9c so that reference 
is made to above description. 

Further, Figures 10a to 10c show eight dielectrophoresis 
electrodes 21 which are omitted in Figures 9a to 9c for 
sake of clarity. 

It is a characteristic of this embodiment that the current 
injecting electrode 19 is split into three sections 19.1 — 
19.3 sections that can be electrically connected on the 
double-sided printed circuit board to which the top. and 
bottom slides are eventually attached. Thus splitting the 
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current injecting electrode 19 does not compromise signifi — 
cantly the total surface area. But it readily accommodates 
the eight dielectrophoresis electrodes 21. 

This design offers the following advantages: 

The current injecting electrode 19 no longer need to 
protrude into the insulating overlay openings 18, and 
will not impinge on space where the voltage-sensing 
electrodes 20 and dielectrophoretic electrodes 21 
predominate . 

The Voltage-sensing electrodes 20 can be positioned to 
maximize the response of the particles to the injected 
current . 

The current regimes for dielectropheresis and EIS are 
further separated in space potentially enhancing the 
accuracy of simultaneous EIS characterizations and 
dielectrophoresis . 

Finally, Figures 11a and lib show another embodiment of a 
measuring device according to the invention. Figur 11a is a 
top view of the measuring device, whereas Figur lib is a 
sectional view of the measuring device along line C-C im 
Figure 11a. 

The embodiment shown in Figures 11a and lib is similar to 
the embodiment shown in Figures 9a to 9c so that reference 
is made to above description. 

One characteristic of this embodiment is that a laser twee- 
zer 22 is used for positioning the particles 3 (e.g. bio- 
logical cells) between EIS electrodes. In this embodiment 
the electrode tips could be made of a transparent material 
(e.g. ITO) . 

The invention is not limited to the embodiments described 
above, which are preferred embodiments. Instead, a multi- 
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tude of variants and modifications are possible which also 
make use of the inventive concept and thus fall within the 
range of protection. 



WO 2005/098395 PCT/EP2005/003677 

28 



List of reference characters: 



1 






Carrier-current channel 


2.1 


-2 


. 8 


Cage electrodes 


3 






Particle 


4 






Field cage 


5 






Switchboard section 


6 






Control circuit 


7 






Computer 


8 






Measuring circuit 


9 






Signal generator 


10 






Data acquisition circuit 


11 






Data acquisition circuit 


12 . 


1- 


12 . 4 


Measuring electrodes 


13. 


1, 


13 . 2 


Current injecting electrodes 


14. 


1/ 


14 . 2 


Voltage sensing electrodes 


15 






Fluid channel 


16 






Upper wall 


16. 


1 




Inner layer 


16. 


2 




Outer layer 


17 






Lower wall 


17 . 


1 




Inner layer 


17. 


2 




Outer layer 


18 






Opening 


19 






Current injecting electrode 


20 






Voltage sensing electrode 


21 






dielectrophoresis electrodes 


22 






Laser tweezer 



•k -k -k k k 



